Significant sex differences in the well-documented relationship between stress hormones and memory have emerged in recent studies. The potentiating effects of glucocorticoids on memory vary across the menstrual cycle, suggesting a potential interaction between these stress hormones and endogenously cycling sex hormones. Here, we show that memory for emotional materials changes significantly in accordance with hormonal changes across the menstrual cycle, suggesting that ovarian sex hormones influence the modulation of emotional memories. Sixty healthy, naturally cycling women rated 120 images on arousal and valence. One week later they completed free recall and recognition memory tests. Their menstrual cycle phases were estimated by self-report and confirmed by salivary assay of 17b-estradiol and progesterone. Memory for emotional items only was significantly better in the high hormone (luteal) phase compared with the low hormone (follicular) phase on the free recall test; on both tests memory correlated positively with progesterone collected at the time of encoding. These findings suggest that emotional memory performance changes across the menstrual cycle, and that this change is in part mediated by endogenous progesterone cycling.
A significant body of literature has demonstrated that sex hormones influence cognition (Kimura and Hampson 1994; Sherwin 1994; Van Goozen et al. 1995; Kimura 1996; Slabbekorn et al. 1999; van Wingen et al. 2008a ) and, further, it has been suggested that the endogenous sex hormone fluctuations associated with the menstrual cycle can also have cognitive effects (Hampson 1990; Andreano et al. 2008) . The menstrual cycle is characterized by changes in ovarian sex hormones, including the neuroactive steroids 17b-estradiol and progesterone. The onset of menses begins in the follicular phase, during which these hormones are relatively lowered, until late in the second week of the cycle, shortly before ovulation. Estrogens swiftly increase and then plummet after ovulation. Following ovulation, during the luteal phase, estrogens remain high relative to the early follicular phase, and progesterone increases significantly.
During the luteal phase of the menstrual cycle, when estrogens and progesterone are elevated relative to the early follicular phase, memory in multiple mnemonic domains is enhanced. Superior performance in the luteal phase has been shown on tasks of conceptual implicit memory (Maki et al. 2002) , visual memory (Phillips and Sherwin 1992) , and verbal memory (Rosenberg and Park 2002) . Conversely, when ovarian sex hormones are decreased during the early follicular phase, better spatial memory has been observed in both humans (Postma et al. 1999; Hausmann et al. 2000) and rhesus monkeys (Lacreuse et al. 2001) .
Limited evidence (reviewed below) has implied that emotional memory may also be subject to influences by sex hormones, although to our knowledge this hypothesis had not been explicitly tested prior to this investigation. Emotional memory has been shown by a tremendous body of research to depend on stress hormones (for reviews, see McGaugh 2000; Roozendaal 2000; LaBar and Cabeza 2006) such that increased activity of sympathetic (Cahill and Alkire 2003; van Stegeren 2008) and adrenocortical (Buchanan and Lovallo 2001; Abercrombie et al. 2003; hormones in the amygdala enhance memory.
In humans, cortisol has been shown to dose dependently influence memory encoding, such that small to moderate increases in cortisol improve memory, and beyond a critical point further increases in cortisol decreased memory (Domes et al. 2005; Andreano and Cahill 2006 ). An enhancing effect of cortisol on memory has been demonstrated using both endogenous (Andreano and Cahill 2006) and exogenous (Buchanan and Lovallo 2001) glucocorticoid administration. Additionally, norepinephrine is both strongly associated with emotional memory (McGaugh and Roozendaal 2002; van Stegeren et al. 2008; Segal and Cahill 2009 ) and is significantly higher at baseline in the luteal relative to the follicular phase (Minson et al. 2000) . Important sex differences have been observed in the mnemonic influences of these stress hormones. Cortisol administration impaired associative learning and reduced regional cerebral blood flow in the anterior cingulate, lateral orbitofrontal cortex, and medial prefrontal cortex in men, while enhancing performance and increasing blood flow in the same regions in women (Stark et al. 2006) . In another study, post-training cortisol levels correlated positively with learning only in men, with no discernable relationship between cortisol and learning in women (Zorawski et al. 2006) . However, menstrual cycle position was not considered in either study. While found no differences in the effects of cortisol on retrieval across the menstrual cycle, Andreano et al. (2008) showed in a separate investigation that the relationship between memory retrieval and cortisol at the time of encoding does appear to be dependent on menstrual-cycle position. Women in the early follicular phase of the menstrual cycle show no relationship whatsoever between cortisol and memory, and women in the mid-luteal phase show a highly significant positive correlation between cortisol and memory. This finding, in particular, suggests that in women stress hormones and sex hormones interact to produce the emotional memory enhancement that has been robustly and repeatedly observed throughout the literature.
Because of evidence that emotional material is better remembered due to stress hormone release, and that the relationship between stress hormones and memory changes across the menstrual cycle, we hypothesized that emotional memory performance may change across the menstrual cycle. This hypothesis is supported by findings from animal literature: Rats in the high-hormone proestrus phase of the estrous cycle performed worse on a spatial-contextual conditioning task relative to both male rats and female rats in the estrus phase (Markus and Zecevic 1997) . Similarly, Warren and Juraska (1997) found impaired performance on a spatial task in proestrus relative to estrus. However, in the same study, proestrus females performed better than those in estrus on a cue memory task, and in a separate investigation, proestrus females acquired a conditioned fear response more quickly than those in other stages (Shors et al. 1998) . These findings suggest that any mnemonic advantages seen across the menstrual cycle may be selective for particular memory systems.
Here, we investigate the influences of the menstrual cycle on the emotional memory system in humans. In this study we provide the first evidence of which we are aware that in a classic emotional memory task, retention of emotional stimuli changes significantly across the menstrual cycle, and these changes correlate with progesterone levels.
Seventy-two naturally cycling women were recruited from the University of California, Irvine undergraduate population. Participants ranged in age from 18 to 28 (M ¼ 19.79 yr, SD ¼ 1.97). Written informed consent was obtained from all subjects in accordance with the University of California, Irvine's Institutional Review Board. Twelve participants were excluded from analysis: five reported cycles without menses in the past 2 mo, one reported recent use of hormonal contraception, four failed to produce a viable saliva sample, and two failed to complete the task as instructed.
To perform a group-level analysis, participants were sorted post hoc into two hormonally distinct groups that corresponded approximately to the follicular and luteal phases of the menstrual cycle based on a brief interview administered by the experimenter. Participants undergoing the encoding task on days 0 -14 were placed in the low-hormone follicular group (n ¼ 36) and those doing so on days 15 -31 (n ¼ 24) comprised the high hormone luteal group. Hormone analysis using Salimetrics (State College) enzyme immunoassays of 17b-estradiol and progesterone confirmed that the two groups differed significantly in both hormones. A one-way ANOVA demonstrated that both 17b-estradiol and progesterone were significantly higher in the luteal phase relative to the follicular phase (respectively: F (1,58) ¼ 5.64, P ¼ 0.02 and F (1,58) ¼ 8.39, P ¼ 0.0053) ( Table 1) . Although we anticipated a third, high-estrogen, low-progesterone group corresponding approximately to the late follicular phase, zero participants were found to have this hormonal profile.
The memory task was comprised of an encoding phase followed by retrieval tests 7 d later, a retention interval consistent with previous investigations from our laboratory (Andreano and Cahill 2006; Andreano et al. 2008 ) and others (Buchanan and Lovallo 2001) . At the onset of each encoding session the experimenter obtained informed consent from the participant. The participant then completed the Positive Affect Negative Affect Schedule (PANAS), followed by the collection of a 2-mL saliva sample using the "passive drool" method in which participants expectorate directly into a sterile Falcon tube. This sample was immediately frozen at 220˚C and later used to perform the previously reported 17b-estradiol and progesterone assays.
The encoding task itself consisted of 120 images selected from the International Affective Picture System (IAPS) (Lang et al. 2008) . Although subjective ratings were used for all analyses, the images were selected so that according to IAPS normative ratings, 60 were both negatively valenced (M ¼ 2.66, SD ¼ 0.88) and arousing (M ¼ 5.73, SD ¼ 0.55), and 60 were neutrally valenced (M ¼ 4.78, SD ¼ 0.80) and non-arousing (M ¼ 3.43, SD ¼ 0.63). Slides were viewed for 3 sec each. After a 1-sec delay, participants rated the arousal (M ¼ 4.77, SD ¼ 1.27, all slides, all participants) and then valence (M ¼ 3.82, SD ¼ 0.57, all slides, all participants) of each image using a 9-point Likert scale. One week later, participants returned to the laboratory for memory testing. They first completed an untimed free recall test during which they were instructed to write down a brief description of as many slides as they could remember and then to provide any additional details they could recall about each slide. Slides were scored as correctly recalled if the rater could identify the slide based on the participant's description and unambiguously distinguish it from all other images presented.
A one-way ANOVA revealed significantly higher total recall in the luteal phase relative to the follicular phase (F (1,58) ¼ 8.96, P ¼ 0.004) (Fig. 1) . A two-way mixed model ANOVA revealed a significant main effect of phase, F (1,57) ¼ 8.37, P ¼ 0.004, and a highly significant main effect of emotionality, F (1,57) ¼ 32.67, P , 0.0001 without a significant interaction term (Fig. 2) . As shown in Figure 2 , the superior memory performance by the luteal group appears to have been driven primarily by better memory for emotional slides, F (1,58) ¼ 5.73, P ¼ 0.02, as memory for neutral slides did not differ between the two groups, F (1,58) ¼ 2.82, P ¼ 0.10. The effect size of the difference in emotional recall for the two groups was moderate, d ¼ 0.52.
Salivary progesterone concentrations significantly correlated with emotional, r (58) ¼ 0.29, P ¼ 0.03 (Fig. 3) , but not neutral, r (58) ¼ 20.12, P ¼ 0.36 free recall scores. These two correlations were found to be significantly different by Fisher's Z test (P ¼ 0.03). Salivary 17b-estradiol had no relationship with either emotional, r (58) ¼ 0.04, P ¼ 0.73 or neutral, r (58) ¼ 0.13, P ¼ 0.31 recall.
Following the recall test, participants were asked to complete a recognition test in which the 120 encoding slides were randomly interspersed with an equivalent number of foil slides also selected from IAPS matched for normative arousal and valence. After each slide presentation, participants indicated whether or not they remembered seeing it before and then rated their confidence in this memory on a scale of 1 to 9. Cold Spring Harbor Laboratory Press on September 6, 2017 -Published by learnmem.cshlp.org Downloaded from Consistent with performance on the recall task, correlations between sex hormones and recognition scores showed a significant positive relationship between emotional hits and progesterone, r (58) ¼ 0.31, P ¼ 0.02 (Fig. 3) but not 17b-estradiol, r (58) ¼ 0.19, P ¼ 0.16. Group differences in performance on this task did not reach statistical significance, potentially due to a ceiling effect: participants correctly identified, on average, 87% of slides with accuracy ([hits + correct rejections]/total slides) ranging from 70% to 96%.
The present results suggest that retention of emotional material changes significantly over the course of the menstrual cycle as ovarian sex hormones fluctuate. Memory for stimuli subjectively rated as emotionally arousing was significantly better than that for neutral stimuli across the entire menstrual cycle; however, during the high-hormone phase this memory enhancement increased still further. Regardless of menstrual cycle phase, emotional memory correlated positively with circulating levels of progesterone as measured by salivary progesterone concentrations. A positive relationship between progesterone, but not 17b-estradiol levels and emotional memory was found in both free recall and recognition memory tests. Although 17b-estradiol levels did not correlate with any memory scores, the possibility that progesterone's effects depend in part on estrogenic activity cannot be eliminated.
These findings fit well with previous data suggesting a potentiating effect of progesterone on emotional memory, evidenced by a positive relationship between progesterone and intrusive recollections after an emotional event (Ferree et al. 2011 ) on cortisol's relationship to emotional memory (Andreano et al. 2008) and on amygdala responsiveness to emotional stimuli (van Wingen et al. 2008b; Andreano and Cahill 2010) . Exogenous administration of luteal levels of progesterone has been associated with significant increases in activity in the right amygdala and, to a lesser extent, the left amygdala (van Wingen et al. 2008b ). Because subsequent memory for emotional stimuli is associated with functional activation of the amygdala (Canli et al. 2000; Cahill et al. 2004) , our behavioral findings of a relationship between progesterone and emotional memory accord well with the existing imaging data.
However, existing behavioral investigations of progesterone's effects on other memory systems did not predict enhancing effects on emotional memory. In an investigation of verbal memory, high doses of exogenously administered progesterone impaired immediate verbal recall (Freeman et al. 1992 ) and facial recognition (van Wingen et al. 2008a) . Similarly, the progesterone metabolite allopregnanolone has been shown to impair episodic memory (Kask et al. 2008) . Importantly, however, these findings are based on progesterone levels 10-fold higher than those observed in the luteal phase, suggesting that progesterone's cognitive effects may be dose dependent. Further, our findings appear to be selective for emotional material, suggesting that progesterone's effects may also differ by memory system.
Several predictions for future research could be extrapolated from these data. The sensitivity of the hypothalamic-pituitaryadrenal (HPA) axis changes significantly across the menstrual cycle, such that women in the luteal phase have a significantly higher cortisol response to both psychosocial stressors and adrenocorticotropic hormone stimulation compared with women in the follicular phase (Kirschbaum et al. 1999) . Further, the action of the stress hormone cortisol depends on levels of circulating sex hormones (Andreano et al. 2008) . Because previous literature has emphasized the importance of stress hormones in consolidation of emotional memories, which were not accounted for in this study, future investigation of differences in emotional memory across the menstrual cycle would benefit from the assessment of both types of hormones.
Studies using similar tasks have not shown a cortisol response without administration of hydrocortisone (Buchanan and Lovallo 2001; Abercrombie et al. 2003; Kuhlmann and Wolf 2006) , suggesting that the emotional memory enhancement in the present experiment is likely driven at least in part by adrenergic activation, which was shown to account for over 50% of the observed variance in free recall (Segal and Cahill 2009 ). Because we observed a change in memory across the menstrual cycle in the almost certain absence of a cortisol increase, and because plasma levels of adrenergic hormones are subject to changes across the menstrual cycle (Minson et al. 2000) , it may be the case that progesterone potentiates the sympathetic nervous response and/or the action of adrenergic neurotransmitters. Therefore, a more complete model of emotional memory enhancement in women that accounts for more of the observed variance may be contingent on assessing the activity of and potential interactions between the specific sex and stress hormones implicated in this type of task-i.e., both progesterone and norepinephrine.
The present findings, considered in the context of previous literature, suggest that sex hormones and stress hormones may influence memory both separately and together. Future studies are needed to better characterize the relationship between these two categories of hormones. It may be of particular interest to differentiate between encoding and retrieval effects, as glucocorticoids have been shown to have opposing effects, depending on which stage of the memory task they were administered. In both men and women, glucocorticoid administration is associated with a dose-dependent memory enhancement at encoding (Buchanan and Lovallo 2001; , but memory impairment when administered shortly before retrieval (de Quervain et al. 2000; . Here, we have demonstrated a significant relationship between memory and progesterone at the time of encoding; however, this does not preclude a possible effect (either impairing or enhancing) of sex hormones on retrieval. This is an important possibility that should be explored in future investigations.
Characterizing the relationship between sex hormones, stress hormones, and memory is of particular interest due to significant sex differences in the prevalence of mood disorders, some of which are associated with changes to brain regions critical to emotional memory (Nestler et al. 2002; Drevets 2003; Ressler and Mayberg 2007) as well as a disrupted stress response (Arborelius et al. 1999) . Specifically, major depression (Burke et al. 2005) and post-traumatic stress disorder (PTSD) both involve abnormal cortisol profiles (Yehuda et al. 1990 (Yehuda et al. , 1995 (Yehuda et al. , 1996 , and both disorders are more prevalent in women than in men (Kessler et al. 1994 (Kessler et al. , 1995 . Recent findings from our laboratory suggest a relationship between menstrual cycle and intrusive recollections for emotional stimuli (Ferree et al. 2011) , which serve as a laboratory analog for intrusive memories, a hallmark of PTSD (Reynolds and Brewin 1998) . Women in the luteal phase of the menstrual cycle report significantly more intrusive recollections than those in the follicular phase, and these intrusions correlate positively with progesterone at the time of encoding. In addition to these effects on mood disorders, interacting effects of declining sex hormones and altered HPA axis activity may also be important to understanding age-related cognitive decline (for review, see Conrad and Bimonte-Nelson 2010) .
In this study we observed that retention of emotional memories increases when stimuli are presented during the luteal phase of the menstrual cycle. Further, both recall and recognition memory for emotional stimuli correlates positively with progesterone. We consider these findings to be of potential importance to characterizing the interactions between sex and stress hormones, which may in turn clarify the etiology of those disorders affected by both sex and stress.
